It is shown that the π 0 transition form factor F (Q 2 1 , Q 2 2 ) differs substantially from its one-realphoton limit F (Q 2 1 , 0) even for rather small values of Q 2 2 (≈ 0.1 GeV 2 ), which cannot be excluded in experiments with one "untagged" electron. It indicates that the comparison of data with theoretical calculations, which usually assume Q 2 2 = 0, may be untrustworthy. Our phenomenological model of the π 0 transition form factor is based on the vector-meson-dominance hypothesis and all its parameters are fixed by using the experimental data on the decays of vector mesons. The model soundness is checked in the two-real-photon limit, where it provides a good parameter-free description of the π 0 → 2γ decay rate, and in the π 0 Dalitz decay. The dependence of F (Q 
2 ) differs substantially from its one-realphoton limit F (Q 2 1 , 0) even for rather small values of Q 2 2 (≈ 0.1 GeV 2 ), which cannot be excluded in experiments with one "untagged" electron. It indicates that the comparison of data with theoretical calculations, which usually assume Q 2 2 = 0, may be untrustworthy. Our phenomenological model of the π 0 transition form factor is based on the vector-meson-dominance hypothesis and all its parameters are fixed by using the experimental data on the decays of vector mesons. The model soundness is checked in the two-real-photon limit, where it provides a good parameter-free description of the π 0 → 2γ decay rate, and in the π 0 Dalitz decay. The dependence of F (Q The issue of the π 0 transition form factor has recently attracted renewed interest in connection with the precise measurements of the BABAR Collaboration [1] , which seem to indicate that the asymptotic limit predicted by perturbative QCD [2] has been exceeded. A comprehensive review of the current theoretical situation with an extended list of references can be found in Ref. [3] . On a phenomenological side, it has recently been shown [4] that the vector-meson-dominance (VMD) hypothesis [5] [6] [7] leads to a correct description of the two-photon decay of the π 0 if the parameters are fixed by the data on the partial decay widths of the vector mesons [8] . The rate of this decay is related to the real-photon limit F(0,0) of the π 0 transition form factor. It is therefore tempting to use the VMD also for the construction of the π 0 transition form factor, which parametrizes the dynamics of the process in which two off-mass-shell photons fuse and form a π 0 . The experimental data on the π 0 transition form factor are taken in the process e − + e − (e + ) → e − + π 0 + e − (e + ), where the photon virtualities are given by the electron (e + or e − ) momenta transfer squared,
To get the one-real-photon transition form factor only the data sample is utilized in which one lepton exhibits a small momentum transfer, e.g., |q 2 | < 0.18 GeV 2 in the latest BABAR experiment [1] .
The transition form factor F (Q ) is defined by its appearance in the γ * γ * π 0 vertex, which describes the fusion of two virtual photons with the four-momenta q 1 and q 2 into a π
where e is the elementary electric charge. This definition of the transition form factor agrees with that used in [1, 9] , but differs from that in [10] , where the factor e 2 was absorbed in F (Q ). The two-real-photon value of the pion transition form factor is related to the twophoton decay width of the π 0 by
where α is the fine-structure constant. Another process in which the transition form factor plays a role is the decay π 0 → e + e − γ, which was suggested by Dalitz [11] as an explanation of the anomalous events recorded in photographic emulsions exposed in high-flying balloons [12] . The original evaluation of the branching ratio
by Dalitz as well as a later one [13] , did not consider a possible form factor. The latter was included in [14] . The differential branching ratio (3) in the Berman-Geffen [14] 
where ǫ = m 
The total branching ratio (3) is not very sensitive to the shape of the form factor (5) and cannot serve as a stringent test of theoretical calculations or phenomenological models. Even the original Dalitz formula, which did not include the form factor at all, leads to B = 1.185%, which agrees with the experimental value of (1.188 ± 0.035)% [15] . The form factor (5) is at small x usually parametrized as
In 1961, Gell-Mann and Zachariasen [6] showed that the form factor F D is dominated by two resonances, namely ρ and ω, and got a positive a equal to m
ω )/2, in agreement with today's observations. Until late 1980's, most experiments had indicated negative values of a, see [16] and a list of preceding experimental results there.
Our model of the pion transition form factor
2 ) is defined in Fig. 1 . In addition to the ρω intermediate state considered in [4, 6, 7] , we include the following companions of the ρ 0 : φ, ω(1420) (denoted as ω ′ in what follows), and ω(1650) (denoted as ω ′′ ). All these resonances, except ω ′′ , have recently been considered in the model of the one-real-photon transition form factors of π 0 , η, and η ′ [17] . The combination of an isoscalar resonance with an isovector one in the intermediate states is unique for the π 0 transition form factor and implies the equal contribution of the I = 0 and I = 1 currents to F (0, 0). With the η and η ′ , the situation is different. In order to evaluate the Feynman diagrams depicted in Fig. 1 , we use the Lagrangian
where V is the operator of a neutral vector meson field, ρ is the isovector of the ρ meson fields, and φ is that of the pion fields. The coupling of photons to neutral vector mesons is given by the VMD Lagrangian (a little nonstandard notation of [18] adopted from [19] is used)
where A µ is the electromagnetic field operator. After comparing the amplitude corresponding to Feynman diagrams in Fig. 1 with the definition of the transition form factor (1) we extract the latter in the following form
where G V = G Vρπ g V γ and functions
are the scalar parts of the vector meson propagators below the physical cut threshold in
Tensor parts do not contribute thanks to the presence of the Levi-Civita tensor in (6) . For R ρ (Q 2 ) we will alternatively use the form
with the running mass squared given by the dispersion formula
and satisfying M 
Here, D is the derivative of the running mass (11) at s = 0. When a fixed mass form (9) is used also for
ρ . If we, in addition, keep only the first term V = ω in the sums over V above, we recover the Gell-Mann-Zachariasen [6] formula.
The values of coupling constants G Vρπ are determined as follows. For the vector mesons with masses below or close to the ρπ threshold [ω(782), φ(1020)] we consider the decay chain V → ρ + π → 3π. The comparison of the decay width formula given in [18] with the recommended value from [15] yields the product G 
it is sufficient to explore the simpler V → ρ + π decay width formula. Concerning the ω ′ , the Review of Particle Physics [15] gives only intervals for its mass and total width and no quantitative estimate for the ρπ branching fraction. We use therefore the values [21] m ω ′ = (1.38 ± 0.02 ± 0.07) GeV/c 2 and Γ ω ′ = (0.13±0.05±0.10) GeV as measured by the BABAR Collaboration [22] and B(ω ′ → ρ + π) = (69.9 ± 2.9)% from the wavelet analysis [23] of the e + e − annihilation data. In the case of the ω ′′ , we again use the BABAR [22] values m ω ′′ = (1.667 ± 0.013 ± 0.006) GeV/c 2 and Γ ω ′′ = (0.222±0.025±0.020) GeV with the wavelet analysis [23] branching fraction B(ω ′′ → ρ + π) = (38.0 ± 1.4)%. The resulting values of the coupling constants G Vρπ squared are summarized in Table I . The coupling constants G ωρπ and G φρπ themselves differ in sign, as it follows from the analysis of the ρ → πγ decay [18] and from the SU(3) symmetry [19] . This results in the negative sign of G φ shown in Table I . (6) and (7) obtained from the vector meson decay data described in the text. Also shown are the parameters GV , which enter the transition form factor (8) . Now, we determine the coupling constants in the VMD Lagrangian (7). The value g 2 ργ = 4/g 2 ρ = 0.1120(10) follows from the normalization of the charged pion form factor. The squares of other coupling constants g Vγ are evaluated from the dilepton decay width of the corresponding vector mesons. In the case of the ω, the e + e − decay width from [15] is used. For the φ, we obtain it as a product of the full width and the e + e − branching fraction. To get g 2 ω ′′ γ , we combine the full width from [22] (shown above) with the e + e − branching fraction B(ω ′′ → e + e − ) = (32± 1) × 10 −7 from [23] . Let us note that the product of the ρπ and e + e − branching fractions from [23] agrees with
got later by the BABAR Collaboration [24] . The same concerns the full width. Unfortunately, the situation with the ω ′ is more controversial. The product of the ρπ and e + e − branching fractions from the wavelet analysis [23] is about twofold of that observed by BABAR [24] . In order not to overestimate the contribution of the ω Table I is obtained. As all the parameters of our model of the π 0 transition form factor are now determined, we are ready to test its soundness by evaluating the characteristics of the two-photon and Dalitz decays of the neutral pion and comparing them to the measured values. To avoid the cumulation of the errors, we do not use Table I for the error analysis, but calculate the errors of the results directly from the input data (masses, full widths, branching fractions, and their errors). To account for possible correlations among the input quantities, we sum the contributions to the final errors from various sources linearly. Two of the calculated quantities, namely the mean lifetime of π 0 and the Dalitz decay slope parameter are shown in Table II [15] 8.4 ± 0.5 3.2 ± 0.4
contributions of the various π 0 ρ 0 V vertexes to the onereal-, one-virtual-photon form factor together with their sum are shown in Fig. 2 . They were all calculated using the running mass (11) of the ρ meson. In addition, the sum of the same contributions but calculated using the fixed ρ mass is depicted by a dotted curve. It differs from the running-mass case only marginally. The strong The effect of nonvanishing Q 2 2 has already been quantitatively studied in terms of the photon momentum asymmetry parameter A = (Q 2 ) within the spectral quark model [25] and the incomplete vectormeson dominance (IVMD) [3] . In the former, the transition form factor decreases with rising Q 2 2 (falling A)-see Fig. 2 in [25] -as in our model. In the latter, the tendency is inverse-see Fig. 7 in [3] . This difference is caused by not keeping the IVMD parameters c and M V constant, but allowing them to vary in order to get the best fit for each particular A.
Our model, in spite of its deficiencies, supports the conclusion of Refs. [3, 25] that it is important to pay more attention to the dependence of the transition form factor on both virtualities in theoretical calculations and experimental analyses. 
